The Gram-positive soil bacterium Bacillus subtilis uses glucose and malate as the preferred carbon sources. In the presence of either glucose or malate, the expression of genes and operons for the utilization of secondary carbon sources is subject to carbon catabolite repression. While glucose is a preferred substrate in many organisms from bacteria to man, the factors that contribute to the preference for malate have so far remained elusive. In this work, we have studied the contribution of the different malate-metabolizing enzymes in B. subtilis, and we have elucidated their distinct functions. The malate dehydrogenase and the phosphoenolpyruvate carboxykinase are both essential for malate utilization; they introduce malate into gluconeogenesis. The NADPH-generating malic enzyme YtsJ is important to establish the cellular pools of NADPH for anabolic reactions. Finally, the NADH-generating malic enzymes MaeA, MalS, and MleA are involved in keeping the ATP levels high. Together, this unique array of distinct activities makes malate a preferred carbon source for B. subtilis.
Introduction
The Gram-positive soil bacterium Bacillus subtilis can utilize a wide range of carbon sources such as several sugars, complex carbohydrates, and organic acids. Among them, glucose and malate are the two preferred carbon sources (Kleijn et al., 2010) . This is an exceptional situation as compared with other heterotrophic bacteria that mostly prefer just one carbon source (glucose) (G€ orke & St€ ulke, 2008; Singh et al., 2008) . If one considers the habitat of B. subtilis, the preference for glucose and especially malate is not surprising. In contrast to glucose, malate is commonly available in the soil and on plant surfaces (Bais et al., 2006; Rudrappa et al., 2008) . The unique role of malate in the metabolic network of B. subtilis is also underlined by the rapid adaptation to malate. This adaptation occurs mainly at the post-transcriptional level, that is, it is based on already available mRNAs. In contrast, the adaptation from malate to glucose utilization requires a massive reprogramming of transcription (Buescher et al., 2012; Nicolas et al., 2012) . Moreover, malate triggers biofilm formation in B. subtilis (Chen et al., 2012) .
After malate is taken up, it enters the TCA cycle at the PEP-pyruvate-oxaloacetate node that connects the TCA cycle with glycolysis/gluconeogenesis (see Fig. 1 ). Here, malate can be oxidized either by the malate dehydrogenase (Mdh) to oxaloacetate or by one of four malic enzymes (MaeA, MalS, MleA, or YtsJ) to pyruvate through oxidative decarboxylation. After the oxidation of malate to oxaloacetate by Mdh, oxaloacetate can then be used for gluconeogenesis (phosphoenolpyruvate carboxykinase, PckA), for the synthesis of amino acids (aspartate and asparagine) or can serve as substrate to replenish the TCA cycle (citrate synthase, CitZ). In contrast to the Mdh-PckA pathway, the conversion to pyruvate catalyzed by the malic enzymes mainly ends in the production of acetyl coenzyme A or in the production of the overflow metabolites lactate and acetate (Kleijn et al., 2010) . A recent metabolic flux analysis of B. subtilis cells grown in a medium with malate as the single carbon source demonstrated that only 10% of the malate is oxidized in the TCA cycle to CO 2 . In contrast, approximately 90% of the malate is oxidized through the Mdh-PckA or malic enzyme pathways. Interestingly both oxidation routes, through the malic enzymes or through Mdh, are almost equally used (Kleijn et al., 2010) . Nevertheless, not much is known about the precise role of the malic enzymes in B. subtilis. B. subtilis codes for three NAD-dependent malic enzymes (MaeA, MalS and MleA) and one NADP-dependent malic enzyme (YtsJ) (Lerondel et al., 2006) . Malic enzymes are widely distributed in eukaryotes as well as in prokaryotes. The majority of the sequenced bacterial genomes encode at least one putative malic enzyme, in most cases a YtsJ-like NADP-dependent malic enzyme. The existence of four paralogous isoforms in one species is rather uncommon (Lerondel et al., 2006) . In B. subtilis, YtsJ was already described to play the major physiological role while the functions of the NADdependent malic enzymes have remained elusive (Lerondel et al., 2006) .
In this work, we demonstrate the essential role of the Mdh-PckA pathway of B. subtilis for the utilization of malate. Furthermore, we show that the loss of the NAD-dependent malic enzymes (MaeA, MalS, and MleA) but also the loss of the NADP-dependent malic enzyme YtsJ leads to reduced intracellular ATP levels.
Materials and methods

Bacterial strains and growth conditions
The B. subtilis strains used in this study are listed in Table 1 . B. subtilis was grown in C minimal medium supplemented with carbon sources and auxotrophic requirements (at 50 mg L À1 ) as indicated (Commichau et al., 2007) . Carbon sources were used at a concentration of 0.5% (w/v). SP plates were prepared by the addition of 17 g L À1 Bacto agar (Difco) to the medium.
Construction of mutants affected in malate metabolism
Deletion of the mleA gene was achieved by transformation with PCR products constructed using oligonucleotides (available upon request) to amplify DNA fragments flanking the mleA gene and an intervening chloramphenicol resistance cassette (Gu erout-Fleury et al., 1995) as described previously (Wach, 1996) . The ytsJ mutant was obtained by a transposon mutagenesis with pIC333 (Steinmetz & Richter, 1994) . chromosomal DNA according to the two-step protocol (Kunst & Rapoport, 1995) . Transformants were selected on SP plates containing spectinomycin (150 lg mL
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), or kanamycin (10 lg mL À1 ).
Determination of ATP concentrations
Intracellular ATP levels were determined as described previously (Ludwig et al., 2002) . Exponentially growing cultures were quenched at an OD 600 nm of 0.5 by mixing with dimethyl sulfoxide (DMSO), which released the adenine nucleotides from the cells. ATP levels were measured using an ATP bioluminescence assay kit (CLSII, Roche Diagnostics) and a microplate fluorescence reader (FLUOstar Omega, BMG Labtech). For calculating the concentrations of intracellular ATP, we used the previously reported aqueous cell volume of 0.85 lL of a culture of 1 mL at an OD 600 nm of 1 (Fujita & Freese, 1979) .
Results
Impact of different enzymes on the utilization of malate as a single carbon source
The precise contributions of B. subtilis malate dehydrogenases to the utilization of malate as a single carbon source are unknown, although Mdh and YtsJ were described to be the major players in malate utilization (Lerondel et al., 2006) . To address this issue further, we cultivated deletion mutants of each of the enzymes in minimal medium with glucose or malate as the single carbon source. All strains grew similarly with glucose as the only carbon source (see Fig. 2 ). In contrast, the mdh mutant was unable to grow with malate as the only source of carbon and energy. In agreement with previous observations (Lerondel et al., 2006) , the ytsJ mutant affecting the NADP-dependent malic enzyme exhibited a reduced growth with malate, whereas the mutants defective in the NAD-dependent malic enzymes were not affected (see Fig. 2 ). These results suggest unique roles for the tricarboxylic cycle enzyme Mdh and the NADP-dependent malic enzyme YtsJ: While Mdh seems to be essential for malate utilization; YtsJ may have a distinct function, most likely in the production of NADPH for biosynthetic purposes.
If the oxidation of malate to oxaloacetate was the major pathway for malate utilization, one would expect that a pckA mutant that is unable to convert oxaloacetate to the glycolytic intermediate phosphoenolpyruvate is also impaired in the utilization of malate. However, if the generation of oxaloacetate as precursor for aspartate was the major role of Mdh, then a pckA mutant would be expected to have a minor impact on malate utilization. To distinguish between these alternatives, we assayed the growth of the B. subtilis wild-type strain 168 and the isogenic pckA mutant GP1147 in minimal medium with glucose or malate. As shown in Fig. 2 , the pckA deletion did not affect glucose utilization. This observation is in agreement with previous observations (T€ annler et al., 2008) . With malate as the only carbon source, the pckA mutant did not grow at all and was in this respect indistinguishable from the mdh mutant (see Fig. 2 ). These data support the idea that the Mdh-PckA route is the essential pathway for the utilization of malate in B. subtilis. However, the different pathways of malate utilization are likely to run in parallel.
The role of the malic enzymes in the ATP supply of Bacillus subtilis
Malate is one of the preferred carbon sources that trigger carbon catabolite repression in B. subtilis. The signal for catabolite repression is generated by the HPr kinase that responds to the cellular ATP and fructose-1.6-bisphosphate pools (Singh et al., 2008) . Surprisingly, these pools are sufficient to activate the HPr kinase during growth with malate (Meyer et al., 2011b) . To further elucidate the role of the malic enzymes in the metabolism of B. subtilis, we determined the contribution of the different enzymes to the ATP levels of the cell. ATP can be produced either by substrate-level phosphorylation or by the use of the respiratory chain. Especially the production of NADH by the NADH-forming malic enzymes, which then can be used for the production of ATP through the respiratory chain of the cell, might be an important contribution of these enzymes.
Thus, we determined the intracellular ATP concentrations in wild-type and in malic enzyme mutants grown in minimal medium with glucose or with malate. As shown in Table 2 , the intracellular ATP concentration in wildtype cells grown in minimal medium with glucose was 83.10 lM. The ATP concentrations in the various malic enzyme mutants grown in the same medium were similar to the wild-type level and fluctuated in a range of about 80 lM. When we analyzed the ATP level of wild-type cells grown in malate minimal medium, we determined an ATP concentration of 76.17 lM, a slightly lower ATP concentration as compared to the values of glucose-grown cells. A somewhat lower concentration (73.15 lM) was detected for the mleA mutant. In contrast to the mleA mutant, the ATP concentration in the maeA and the malS mutants was decreased by about 10% (maeA, 67.74 lM; malS, 69.97 lM).
Next, we analyzed the ATP concentration in a maeA malS double mutant and in a triple mutant lacking all three NADH-forming malic enzymes (ΔmaeA ΔmalS ΔmleA) grown in minimal medium with malate. As described above, all single mutants of the NADH-forming malic enzymes did not show a growth defect in minimal medium with malate. The growth rate of the double mutant (ΔmaeA ΔmalS) was as well comparable with the wild type, whereas the triple mutant showed a moderate growth defect. This observation is in agreement with previous observations (Lerondel et al., 2006) . In the double mutant, we detected an ATP level reduction of about 10%, a similar ATP concentration compared to the single mutants (see Table 2 ). When we analyzed a mutant lacking all three NADH-forming malic enzymes, the reduction had accumulated to about 20% (60.70 lM). To determine whether these changes are significant, we performed a Student's t-test. The P-values were found to be 0.018 and 0.002 for the double and triple mutant, respectively, indicating that the reduction of the ATP pool was statistically significant.
Finally, we analyzed the ATP concentration of the mutant of the NADPH-forming malic enzyme ytsJ. Interestingly, the ATP concentration in the ytsJ mutant was decreased by about 20% and thus comparable with the triple mutant of the NADH-forming malic enzymes. For the ytsJ mutant, the P-value was 0.001 indicating that the reduction was significant.
Discussion
Bacillus subtilis produces five malate dehydrogenases, the canonical Mdh of the citric acid cycle, and four decarboxylating malate dehydrogenases, the so-called malic (Doan et al., 2003; Lerondel et al., 2006) . Our analysis of the mutants affected in malate metabolism revealed that malate dehydrogenase (Mdh) and the subsequent enzyme, PEP carboxykinase (PckA), are both essential for the utilization of malate as the only carbon source. This common function of the two enzymes is in good agreement with their recently observed physical interaction (Meyer et al., 2011a) . In addition to the Mdh-/PckA-dependent conversion of malate to phosphoenolpyruvate, the entry point of gluconeogenesis, the bacteria require a functional ytsJ gene for efficient malate utilization. Under gluconeogenic conditions (i.e. with malate as the only carbon source), the cells do not have the possibility to produce sufficient NADPH by the pentose phosphate pathway. Under glycolytic conditions, about 40-50% of the glucose enters this pathway (Sauer et al., 1997; Schilling et al., 2007) that yields two molecules of NADPH per molecule of glucose. This represents about 50% of the NADPH formation in the cell and is important to provide reducing power for all biosynthetic reactions in the cell. Thus, the conversion of malate to pyruvate using the NADPH-forming malic enzyme YtsJ may be important to balance the redox pool of the cell and to allow efficient anabolic reactions (Kleijn et al., 2010) . Interestingly, malic enzyme deletion mutants exhibit increased fluxes through the pentose phosphate pathway (Lerondel et al., 2006) . However, a gluconeogenic flux to the pentose phosphate pathway requires ATP and might explain the low ATP levels especially in the ytsJ mutant. In contrast, none of the NADH-forming malic enzymes seems to be important for malate utilization. This result is quite surprising because the expression of one of the corresponding genes, maeA, is strongly induced by malate (Doan et al., 2003) . The findings reported in this work suggest that the malic enzymes MaeA and MalS contribute to the ATP pool of the cells by providing NADH + . The unique arrangement of redundant yet functionally specialized enzymes that allows efficient introduction of malate into gluconeogenesis and the TCA cycle and that provides the cell with high NADPH + and ATP pools may make malate the second preferred carbon source of B. subtilis in addition to glucose.
